Models based on the corresponding states principle have been extensively used for several equilibrium and transport properties of different pure and mixed fluids. Some limitations, however, have been encountered with regard to its application to long chain or polar molecules.
INTRODUCTION
Due to the continuous oil depletion and its increasing cost, heavier oil fractions not extracted before due to technical and economical reasons, are now receiving increasing interest [9] [10] . For the correct design of the extraction and processing of these heavier oils, several thermophysical properties such as density, viscosity, vapor pressure, thermal conductivity and interfacial tension are required. While some measurements have been performed, models are still necessary in order to cover all the required thermodynamic conditions. Speed of sound is a thermophysical property that can accurately be determined in broad temperature and pressure ranges and that can be related with other thermodynamic quantities such as density, heat capacity and isentropic and isothermal compressibilities: atm atm dp C T dp u
where Κ S and Κ T are, respectively the isentropic and isothermal compressibilities, , ρ is the density, α P the cubic expansion coefficient, u is the speed of sound, T the temperature, C P the isobaric heat capacity, Jand subscript atm stands for atmospheric conditions.
Due to its high measuring accuracy, speed of sound is an excellent source of data for some derived properties in broad temperature and pressure ranges that otherwise would be very difficult to measure. For these reasons, speed of sound data have also been selected by several authors to fit equation of state parameters [11] [12] [13] .
Among the different models for the estimation of speeds of sound, the corresponding states theory, namely the Lee-Kesler approach [14] has proved to be one of the most accurate models [15] [16] [17] , although some large deviations have been recently found for the heavier n-alkanes [17] .
Recently, a new corresponding states model has been successfully proposed for several equilibrium (vapor pressure, liquid density, liquid-vapor interfacial tension) and transport properties (thermal conductivity, viscosity) of both pure n-alkanes and their asymmetric mixtures [1] [2] [3] [4] [5] [6] [7] , and some petroleum fractions used as raw material for the production of diesels [8] . In this work, the same framework is proposed for the estimation of the available n-alkane speed of sound data in the reduced temperature subscript c denotes critical property. As will be shown, the corresponding states principle is an adequate tool for the accurate estimation of speeds of sound.
CORRESPONDING STATES PRINCIPLE
Following its initial empirical formulation by van der Walls, the corresponding states principle has evolved in order to deal with several non-spherical and polar molecules. Its success is grounded on the accuracy obtained in broad temperature and pressure conditions and its strong theoretical basis [18-23], while mathematically simple and using a minimum amount of experimental information. One of its advantages is that the same formalism can be used for different properties, whereas the only changes are the definition of the reduced property and the equation used for the reference system, or the reference system itself. Since these models do not use any experimental data of the estimating property of the target fluid, they are also predictive. The only experimental informations required from the target fluid are the critical properties and the Pitzer acentric factor.
The application of corresponding states models extends from equilibrium properties such as vapor pressure [24-28], liquid density [2, 26, [28] [29] [30] or surface tension [3, 4, 6, 7, 26, 31, 32] to transport properties such as viscosity [2, 26, [33] [34] [35] [36] and thermal conductivity [5, 26, [37] [38] [39] .
In its original form, the reduced compressibility factor (Z r ) was expressed in terms of a universal function of two parameters, the dimensionless temperature (T r ) and molar volume (V r ) (or pressure, p r ): 
Where Z is the compressibility factor, pV/RT, and the subscripts j and 0 for target and spherical reference fluid, respectively. 
where Z ro has the same meaning as in Eq. 4 and Z rr is a function that represents the departure from the spherical symmetry, the derivative ω ∂ ∂Z . In spite of the analytic formalism of Eq. 6, values for the functions Z r0 and Z r were only presented in tabular form by Pitzer and co-workers.
With the advent of cheaper and faster computers, Lee et al. [14] suggested replacing the derivative in the Taylor series with its finite difference:
with subscript 
where X r stands for the reduced property to be evaluated and subscripts 1 and 2 for the two reference fluid properties at the same reduced conditions as those of the target fluid. In all cases, good agreement with experimental data was obtained in the range of fluids covered by the two references. However, considerable deviations can be found if the reference fluids are far apart in the series from the target fluid, either interpolating or extrapolating [1, 2, 4, 5] . In an attempt to correct for these deviations, and based on the dependence of the desired properties with ω (or chain length), the Taylor series expansion of the reduced property was carried out to the second-order term: 
A third reference fluid is introduced with the advantage that no change in the reference system has to be done while studying a large range of fluids or an asymmetric mixture. If instead, the Teja approach (Eq. 8) is adopted for asymmetric mixtures with a single reference system, considerable deviations resulting from large interpolations/extrapolations may be found as was already shown for vapor-liquid interfacial tension, liquid density, viscosity and thermal conductivity [1, 2, 4, 5].
RESULTS AND DISCUSSION
The linear perturbation (Eq. 8) and the second-order perturbation models (Eq. 9), presented in Section 2, were evaluated for the estimation of the speed of sound of pure n-alkanes from ethane up to n-hexatriacontane, as a function of temperature and pressure. The aim was to select a corresponding states model able to predict the speed of sound of pure and mixed heavy n-alkanes, without requiring any speed of sound experimental information from the system under study.
Speed of sound has already been estimated by corresponding states models 
where MW is the molar mass (g.mol -1 ) [42, [46] [47] [48] .
More than four thousand experimental liquid phase speeds of sound for n-alkanes from ethane up to n-hexatriacontane as a function of temperature and pressure were collected from the literature. Table 1 Daridon and coworkers. Parameters for some n-alkanes presenting broader temperature and pressure ranges that will be afterwards selected as reference fluids are presented in Table II .
For the purposes of this work, experimental critical properties were used when available [76] . For those n-alkanes whose experimental data were unavailable, correlations were used. The critical temperature was obtained from Tsonopoulos correlation [77] , the critical pressure from Magoulas and Tassios [78] , the critical volume from Marano and Holder [79] and the Pitzer acentric factor from Han and Peng [80] . Arguments for selecting these correlations were presented elsewhere [81] .
In previous works it was shown that for n-alkanes, the reduced vapor-liquid interfacial tension, liquid density, viscosity, vapor pressure and thermal conductivity [1, 2, 4, 5] are not linear with the acentric factor, but instead show a weak quadratic dependence. It was also shown that the introduction of the second order term improved considerably the results in a broad temperature range. In the case of speed of sound, and as can be seen from Table 1 , the available data for the heavier n-alkanes is within a very narrow reduced temperature range, and thus a full temperature scan can not be performed as done before. Reduced speed of sound as a function of acentric factor at T r = 0.4 and atmospheric pressure is plotted in Fig. 1 for n-alkanes from C 2 H 6 up to n-C 36 H 74 . C 3 H 8 , n-C 5 H 12 and n-C 6 H 14 are not included in this plot as data were only reported for reduced temperatures above T r = 0.5, as shown in Table 1 .
In this case, the reduced property is practically linear with the acentric factor, which suggests that the introduction of the second order term should not significantly improve the results, as will be demonstrated below.
In order to use the models presented in section 2 for speed of sound, two (Eq. 8) or three (Eq. 9) reference fluids are required. These should provide adequate estimates of speed of sound as a function of temperature and pressure. It was previously shown that the simultaneous selection of lighter and heavier components for reference fluids provided the best results [1, 2, 4, 5] . For this reason, n-C 6 H 14 , n-C 7 H 16 , n-C 15 H 32 , n-C 16 H 34 and n-C 24 H 50 were selected as candidates for reference fluids, as they presented the broader temperature and pressure ranges of available data, and so, low risk of extrapolation of the speed of sound correlating equations.
Results using different combinations of the proposed reference fluids are presented in Table III . As can be seen, the best average deviations are obtained with the linear perturbation model using as reference system n-C 7 H 16 + n-C 24 H 50 , but in the case of this model, the average deviation is reference system dependent. Using another combination of reference fluids the average deviation can increase up to 8 %. With the second order perturbation model the average deviations are more independent of the reference system, with a maximum difference among different reference systems below 1 %. The best estimates with this approach were obtained using as reference system n-C 7 H 16 +n-C 16 H 34 + n-C 24 H 50 .
Pure component results obtained with the best sets of reference systems are reported in Table IV . More than four thousand experimental values of speed of sound were predicted. In both cases, the average absolute percent deviations (AAD %) are below 2 %. Larger deviations are obtained, in both cases for the lighter elements of the series (Figure 2 ). These are due to their broader reduced temperature and pressure ranges, as can be verified in Table I and in figure 3 for propane. This requires the extrapolation of the reference fluid equations (Eq.11), which in this study showed that present small extrapolation capacity. This can also be confirmed in figure 4 , where the average absolute percent deviation is plotted as a function of temperature and pressure for n-C 28 H 58 . It can be seen that with the exception of the high temperature, and especially high-pressure region, deviations are very small, below 1 %. The same happens for most of the other n-alkanes whose data are within the reduced temperature and reduced pressure ranges of the data used to perform the parameter fitting in Eq.11. This suggests that a new reference fluid correlating equation shall be selected or some constraint shall be included during the parameter fitting procedure.
CONCLUSION
Two corresponding states models based on a Taylor series expansion of the reduced evaluating property on the Pitzer acentric factor were extended for the estimation of the available n-alkane speed of sound data as a function of temperature and pressure. Small average deviations, below 2 % where obtained in both cases, but higher deviations resulted for those n-alkanes presenting high reduced temperature and reduced pressure data, showing that either changes in the reference fluid correlating equation or the imposition of consistency constraints shall be considered in order to obtain better extrapolation ability, and thus being able to estimate the speed of sound at any set of conditions. At this point it is expected that estimations may be obtained with deviations around 1%, and thus very close to the experimental uncertainties.
The application of this model for mixtures is straightforward given the pure component critical properties and Pitzer acentric factors. 
